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Abstract 
Invasive and noxious weeds are well known as a pervasive problem, imposing significant 
economic burdens on all areas of agriculture, and thus their control and eradication are of 
central concern to the industry.  Whilst there are multiple possible pathways of weed dispersal 
in this industry, of particular interest to this discussion is how the unintended dispersal of 
Chilean needle grass (Nassella neesiana) weed seeds, within emergency fodder, may be 
prevented. Periodic drought is a feature of the Australian climate, which, together with natural 
disasters of flood and bushfire, necessitates the urgent provision of emergency fodder for 
maintenance of livestock production. However, previous investigations into weed seed 
dispersal by this fodder type have revealed a significant risk for the dispersal of a number of 
noxious weeds well beyond their current range.  Because preventive work, relating to detection 
and eradication of noxious species, is at an early stage of development, the development of 
faster, more reliable, and non-destructive sampling methods for seed species has become 
essential.  In addition to prevention of weed seed dispersal in fodder, the use of appropriate 
methods of controlling troublesome pasture weeds in situ is of relevance for addressing 
established infestations.  Whilst silage preservation is one such typical method that can reduce 
weed seed input into the soil seed bank, there is currently little data on the absolute 
effectiveness of this method for control of N. neesiana. 
To investigate whether rapid detection of seeds in bales is possible and how the numbers of 
seeds in a pasture are linked to the numbers of seeds that may be incorporated into hay bales 
made from an infested pasture, an investigation of a rapid, non-destructive technique to detect 
seeds in bales, together with an examination of a pasture to estimate seed density and 
dispersal prior to baling, were carried out. Additionally, since pastures infested with this weed 
are of no use for producing hay and little use for grazing, a third experiment was devised, 
which was an investigation of silaging for preventing inadvertent seed input into pasture soil 
seed banks.   
This thesis has shown that this approach of non-destructive core sampling of bales to detect 
the seeds of N. neesiana, and possibly others, which can be visually recognised, shows 
promise for those involved in weed control. Similarly, the simultaneous demonstration that 
silage fermentation is an efficient viable method for both eliminating viability of mature 
(germinable) seeds of this species while also reducing the probability of injury to livestock from 
these seeds, confirms that reducing the impact of this weed in agro-ecological systems and 
on livestock during emergency situations is possible.
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Chapter 1 
Introduction to the problem of weed seed dispersal in hay bales, with 
reference to Nassella neesiana (Chilean needle grass) 
The presence of weeds in agriculture conflicts with human interests and imposes significant 
economic costs on many primary producers (Pimentel et al. 2000; Sinden et al. 2004; 
Bhowmik 2005).  In Australia, weeds cost the agricultural economy more than $4 billion per 
annum (Sinden et al. 2005).  This cost is an accumulation of many factors, including but not 
limited to, yield losses, injury, and illness of livestock, purchase of chemicals, fuel, machinery 
and labour required to apply control measures (ibid.). 
Noxious weeds are of special concern because they inflict disproportionately large impacts to 
human and animal health and welfare or severe economic or environmental damage (Arcioni 
2004).  Noxious weeds may poison livestock or cause significant injury, inflicting much 
suffering to animals and significant economic losses to farmers.  Consequently, agricultural 
commodities may not be sold or traded, if they are known to be contaminated with the 
propagules of noxious weeds (DPI 2009).  However, unless the seeds of noxious species can 
be easily detected in these commodities, it is very difficult to enforce biosecurity measures 
and prevent further weed spread.   
Given both the importance and complexity of this issue, it is appropriate to consider an 
investigation into how particular agricultural commodities influence the dispersal of weeds.  
Such a project will allow us to contribute to an understanding of the processes involved in 
weed dispersal and to determine whether changes in management practices can reduce this 
problem.  In this respect, a ubiquitous commodity that is known to be a major pathway for 
weed dispersal is fodder, a vital ingredient of livestock production (Tildesley 1937; Thomas et 
al. 1984; Wells et al. 1986; Erklenz et al. 1990; Poschlod & Bonn 1998; Tenni & Newnham 
2000; DSE 2006a; DSE 2006b; Conn et al. 2010; DWLBC 2010).  Although this commodity 
has been used for many thousands of years, only relatively recently has it become of more 
interest in regard to its capacity to disperse weed seeds (Thomas et al. 1984; Wells et al. 
1986; Poschlod & Bonn 1998; Bruun & Fritzberger 2002; Conn et al. 2010) most probably 
because of the advent of heavy transportation that can take large amounts of fodder over large 
distances (Martin 2009).   
Of particular interest for this thesis is the potential for dispersal of N. neesiana in bales supplied 
to livestock producers as ‘relief’ fodder.  Relief fodder can be defined as that which is supplied 
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specifically to livestock producers who are in distress, due to a period of extended drought or 
natural disasters such as flood and bush fire.  Climatology investigates whether human activity 
is the cause of observed changes to climate patterns since the industrial revolution.  Data from 
observations about changes to atmospheric chemistry appear to support the hypothesis that 
emissions from burning fossil fuels is driving longer, more intense periods of drought, as well 
as more extreme temperatures during summer months.  These temperature fluctuations are 
thought to be significantly influencing both fire and flood events (CSIRO 2014).  Therefore, the 
reliance on relief fodder for temporary maintenance livestock production will become of 
increasing significance in the future.  Any method that may successfully prevent dispersal of 
this weed, and others, with fodder relief would be a welcomed by landholders. 
What is fodder and how is it used? 
Fodder is defined as plant-based materials grown specifically for the feeding of livestock 
(Wilkins 2000).  The energy and nutrients of live pasture plants is captured as preserved 
fodder for livestock during cooler or drier times of year (Wilkins 2000).  Preserved fodder takes 
the forms of hay, silage and other harvested commodities, for example grain.  During the past 
century, preserved fodder has become established as a traded commodity in its own right, 
enabling many to diversify their income streams (Martin 2009).  Also of importance is relief 
fodder, required for recovery of farming operations following drought, fire or flood (Thomas et 
al. 1984; Wilhite 1986; Erklenz et al. 1990). 
For the purpose of this thesis, from this point onwards the term “fodder” will apply only to 
preserved fodder in the forms of hay and silage rather than the wider definition that includes 
both preserved fodder and live pasture plants grazed by livestock.  Hay and silage are 
produced and traded in amounts of millions of tonnes per annum (Martin 2009).  Each 
represents ‘two sides of the coin’ in respect to the problem of weed seed dispersal (pasture 
hay) and a potential solution for the use of weed infested pastures (silage). 
Dispersal of weed seeds by movement of fodder 
There is abundant evidence, gathered over a long period, that suggests that fodder is a vector 
for weed dispersal (Tildesley 1937; Thomas et al. 1984; Wells et al. 1986; Erklenz et al. 1990; 
Poschlod & Bonn 1998; Tenni & Newnham 2000; DSE 2006a; DSE 2006b; Conn et al. 2010; 
DWLBC 2010).  Increasing volume and trade in this commodity is driving a rapid dispersal of 
many weeds, including noxious species, over large geographic areas (Thomas et al. 1984; 
Erklenz et al. 1990; Martin 2009). 
Chapter 1 
 15  
 
Traded fodder has become a valuable agricultural commodity (Martin 2009).  There are 
several sources of this commodity, for example, grains, legumes, straw from grain crop 
residues and pasture hay.  Of these pasture hay has the longest history of usage as a 
preserved fodder, since it is simply excess pasture growth harvested during the warmer 
months of the year and kept for when live pasture plants are not available (Suttie 2000; Wilkins 
2000).  In contrast to other fodder types (e.g., straw from grain crop residues), pasture hay is 
composed of whole plants, including the seed heads (Pogue et al. 1996).  It has been 
determined, from previous investigation, that this fodder type may contain large numbers of 
weed seeds, including noxious species (Thomas et al. 1984; Wells et al. 1986; Erklenz et al. 
1990; Conn et al. 2010).   
The presence of noxious weed seeds in pasture hay therefore poses an especially difficult 
conundrum for the provision of relief fodder.  Legally, if this fodder type contains noxious weed 
seeds it cannot be moved from its point of production (DPI 2009), no matter however urgently 
it is required to feed livestock, and without relief fodder of this type, significant stock losses 
are likely to occur. 
Many farmers require relief fodder from time to time, but a key concern here is that the quality 
of this product at a particular time is widely variable.  Because relief fodder is usually required 
with little notice, pasture hay, sometimes obtained from unusual areas, is often the most 
readily available source.  Additionally, it is usually of the lowest cost (Martin 2009).  Because 
it can be purchased at short notice and even though its quality may be suspect, it may 
nevertheless be preferred over other fodder types, due to ease of availability and cost.  This 
clearly raises a problem for preventing weed dispersal. 
If there were convenient methods available to assess the composition of pasture fodder, a 
significant problem would therefore be averted; however, there is, at present, no easy to apply 
or rapid method available to screen bales of relief fodder to determine if these bales contain 
the seeds of noxious weeds. 
Weed seeds in bales – some current approaches and why they may not be adequate 
Previously investigated methods for weed seed detection in bales has involved sampling 
single bales, or a substantial portion (25%) of a single bale, requiring its complete destruction 
(Thomas et al. 1984; Wells et al. 1986; Conn et al. 2010).  Destructive techniques are 
unsatisfactory for a rapid assessment of multiple bales from a pasture or region even if such 
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an approach was to be required to enforce biosecurity measures to effectively prevent weed 
dispersal, especially those of noxious species.  Sampling relatively small numbers of any 
agricultural commodity does not provide a sufficiently large sample size, from a statistical point 
of view, (McIntyre, 2005).  Additionally, pasture weeds typically occur as scattered individual 
plants (Ambrosio, 2004), representatives of which may not be captured in every single bale 
from a pasture.  Therefore, desctructive sampling of only a single hay bale from a pasture is 
unlikely to be effecting for the detection of weed seeds in bales. 
Hay bales as “seed banks” 
A further consideration for the dispersal of weeds seeds in bales is that pasture hay bales 
function in a similar fashion to a soil seed bank (Parker et al. 1989).  As these bales are 
physically relocated from where they are constituted, they carry with them a supply of 
undamaged seeds, which would normally function as a source of the next season’s weed crop.  
This movement of bales is an example of secondary release that, theoretically, can be 
prevented given appropriate tools (Kowarik 2003).  Comparing weed-seed contaminated bales 
to a soil seed bank draws a significant parallel with the larger problem of controlling noxious 
species.  Seed banks ensure the persistence of weeds in the landscape over time because of 
their resilience, but the intervention of the movement of the propagules multiplies the problem 
seen at the local scale level, to a landscape scale.  Rapid establishment of a noxious weed to 
its maximum range may occur in a shorter timeframe than natural seed dispersal could 
accomplish, if bales contaminated with seeds from a single location are dispersed to a wider 
geographic region because of transportation of relief fodder.  This underscores the urgent 
necessity for the prevention of movement of bales contaminated with noxious species by any 
means available, as it will be an integral part of the larger problem of weed mitigation. 
Prevention of the dispersal of weed seeds in fodder hay by and alternate approach to 
preserving fodder 
The risk of dispersal of noxious weeds in pasture hay bales is strongly indicated (Thomas et 
al. 1984; Erklenz et al. 1990; Conn et al. 2010).  Clearly, this situation is unacceptable, so 
another approach for preserving fodder is required to mitigate this risk.  Silage is an alternate 
cultural method of fodder preservation for pasture hay that may be of use to prevent the 
dispersal of noxious weeds.  The usual practice is to cut pasture grasses prior to seeding, 
when plant carbohydrate levels are at a maximum, allow the swath to wilt for 24 to 48 hours 
to reduce moisture levels, then bale the pasture and wrap the bales in plastic film, or compress 
the swath in bunkers, pits, or silos (Horrocks & Vallentine 1999; Kaiser et al. 2004).  The 
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process of wrapping or compression prevents exposure of the harvested material to oxygen 
and promotes the commencement of fermentation processes, which preserve the fodder.  The 
final product can be stored for extended periods and fed to livestock as required.  The early 
cut of pasture may also address weed infestations; however, this depends upon the ecology 
of individual weed species.  In the same manner as the risk of dispersal with pasture hay 
bales, weeds that produce mature seeds at the same time the pasture is harvested will 
contribute viable seeds to silage bales.  Whether the biochemical process of silage 
fermentation, by itself, can reduce weed seed viability, or address any other problems 
associated with particular species, is largely unexplored. 
An example of a noxious weed that may be dispersed in pasture hay bales – Nassella 
neesiana 
An example of a noxious weed that is suspected to have been dispersed via pasture hay bales 
around central Victoria is Nassella neesiana, commonly known as Chilean needle grass.  This 
weed occurs mainly in the outer rural/urban fringe of northern Melbourne but is also present 
as scattered infestations along major road corridors around the state (D. McLaren, pers.com).  
Introduced into Victoria accidentally approximately 100 years ago, this species was also 
trialled as a pasture species in Australia in the 1940s (Cook & Dias 2006).  It is also found in 
New South Wales, in the region eastwards of a line approximately from Swan Hill (Victoria) to 
Tenterfield on the Queensland border and inland as far as Coonabarabran.  There are outlier 
infestations in south eastern South Australia and Tasmania (Atlas of Living Australia 2015).  
This weed was discovered in Queensland in 1998, near Felton on the Darling Downs (Cshures 
2008).  A revisitation of the same site in 2005 and investigation of a wider area surrounding it 
found large infestations at the nearby Clifton Showgrounds and along the banks of the 
Condamine River (Cshures 2008).  The most likely vector for this weed introduction was via 
the movement of contaminated fodder from New South Wales to the Clifton Show grounds. 
Chilean needle grass flowers in spring and seeds during early summer (Snell et al. 2007).  
Because this occurs when hay is normally baled, its seeds are likely to be incorporated into 
pasture hay bales.  The seeds are elongated and have a trailing awn that promotes attachment 
to the fleece of sheep.  The seeds also have a very sharp (needle-sharp) tip (or callus) that 
can burrow into the skin or eyes of animals, causing severe injuries (Gardener 1998; Grech 
2008b).  The ability to efficiently detect N. neesiana seeds in bales sourced from pastures that 
are infested with this weed would contribute to biosecurity measures to be efficiently 
implemented and prevent its further spread.  In Victoria, there is at present no guaranteed 
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means to prevent dispersal of this weed in hay bales, as is required by the noxious weed 
legislation (DPI 2009). 
Overall objectives for this study 
To investigate the development of a novel method to mitigate the dispersal of noxious weeds 
in fodder relief bales, the following research approach is undertaken: 
1) the detection and assay of seeds in hay bales, by non-destructive means.  
When these are present in experimental bales at known concentrations, the 
effect, if any, of distribution of the seeds within the bales on detection accuracy 
is estimated. 
This is achieved by: 
 Determining whether it is possible to detect seeds of N. neesiana in bales that 
have been experimentally dosed with known quantities of seed and in known 
distribution patterns. 
2) an assessment of the percentage of N. neesiana in pasture biomass and size 
of the seed crop prior to harvesting, following a prolonged period of drought as 
compared to a year of above average rainfall. 
This is achieved by: 
 Measurements of the percentage of N. neesiana cover in the pasture composition. 
 A measurement of the quantity of seed in the pasture, expressed as seeds per 
unit area (e.g. seeds per m2). 
3) whether the numbers of seed present prior to baling is similar to that which can 
be detected in bales by core sampling. 
This is achieved by: 
 Obtaining bales from a section of pasture surveyed for the previous objective.  
 Systematically core sampling these bales and enumerating the seeds present in 
the cores. 
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4) the estimation of the effect, if any, that the process of silage fermentation has 
on the viability and other characteristics (hardness and sharpness) of mature 
seeds of N. neesiana. 
This is achieved by: 
 Specifically investigating whether the viability of mature seeds is affected 
(reduced) during the process of silage fermentation and whether this process also 
affects other stock-injuring characteristics of the seeds. 
5) a review of strategies that may be employed to prevent the dispersal of seeds, 
including recommendations for alternatives to baling this species as hay. 
This is fulfilled by: 
 Developing a list of recommendations that may be used to minimise the inclusion 
of seed in bales and to minimise the risk of spread by the manufacture and 
transportation of hay bales. 
Anticipated outcomes 
A determination of whether or not it is possible to detect and assay seeds in hay bales by a 
non-destructive means will have a significant outcome for the fodder industry, inasmuch as it 
may be possible to mitigate the risk of dispersal of N. neesiana in bales.  In addition, a 
determination of the effect of silage fermentation on the viability of mature weeds seeds will 
also make a significant contribution to knowledge of their ecology.  At present, it appears that 
the reduction of weed infestations on a farm by the production of silage from grass pastures 
is assumed to reduce seed bank inputs purely as a result of the timing of harvest taking place 
prior to the emergence of mature seeds on weeds.  Whether or not the actual process of silage 
fermentation has an effect on seed viability of N. neesiana does not appear to have been 
specifically addressed in the literature to date.  Overall, this research will extend the knowledge 
of human activities that are linked to the dispersal of weeds, with emphasis on activities that 
are important to the agricultural sector of the economy. 
As a result of the foregoing, the following outcomes will also be achieved: 
 The creation of a relatively simple, efficient and non-destructive method of testing 
hay bales for the presence or absence of weed seeds of N. neesiana and, 
potentially, other species of interest; 
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 The development of a list of recommendations that will enable primary producers 
to harvest and use fodder in a manner that does not contribute to the spread of 
this weed; 
 The development of recommendations for minimising the spread of weed seeds 
in hay bales, including those of other species of Nassella and species with a similar 
habit of summer-flowering and seeding. 
Research question 
An overarching research question for this thesis can be stated as: 
 To address the problem of relief fodder weed seed contamination with the seeds 
of Nassella neesiana and other pasture weeds, can a non-destructive method of 
sampling achieve bio-security outcomes that are efficient, practical and simple to 
implement?  Alternately, can pastures that are contaminated with this weed be 
successfully used for silage, thus eliminating seed viability, the possibility of injury 
to livestock, and reducing weed infestation in situ? 
Thesis structure  
This PhD by publication has been structured in the following way; the introductory chapter 
(Chapter 1) is followed by six manuscripts related to the research issue described earlier, 
which constitute Chapters 2 to 7.  To complete the thesis, Chapter 8 summarizes the outcomes 
of these published works and presents some tentative conclusions and recommendations.  
The thesis is intended to make a contribution to the problem of providing useful tools for the 
institution of convenient biosecurity measures to prevent weed dispersal, and for the economic 
usage of infested material by forage ensilage techniques.  
The research papers commence with Chapter 2, which is a review of the literature related to 
the problem of weed seed dispersal within baled fodder (Weller et al. 2015a).  It specifically 
comments on the lack of confidence associated with methods previously trialled for bale 
analysis due to statistical and other considerations. In this chapter, a number of gaps in the 
literature are identified, and this identification has provided a basis for the development of a 
research plan and a number of experimental investigations, which are described in the 
following sections. 
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Chapter 3, which is a refereed conference paper, further describes the problem posed by 
dispersal of noxious weed seed within baled fodder and proposes possible methods for 
undertaking research into this problem (Weller et al. 2010).  Baled fodder is vital for livestock 
production, but can be a potent source of weeds.  Furthermore, methods to screen bales for 
weed seeds are not well developed.  This paper makes a proposal to employ non-destructive 
core sampling to rapidly screen bales for the presence of weed seeds, as well as the 
examination of other potential sources of weed dispersal during the processes of baling grass 
pastures and transportation of bales.  The overarching aim is to prevent weed dispersal as a 
result of the manufacture of hay bales and their transportation off-farm. 
The first report of experimental work is given in Chapter 4, which briefly describes the results 
of simulated field experiments designed to demonstrate the validity of the approach of non-
destructive core sampling of baled fodder to detect weeds (Weller et al. 2012).  In this paper, 
evidence is presented for the first time that non-destructive core sampling has potential for 
detection of noxious weed seeds, thereby allowing for preventing further dispersal of these 
weeds.   
Based on the encouraging results from the work described in Chapter 4, Chapter 5 analyses, 
in more depth, data from the initial field experiment (Weller et al. 2015b).  In addition, the work 
has been extended by considering the possibility of a reduced sampling effort on an individual 
bale basis, to allow for more efficient application of this method to the real world.   
To bring the study back to the realities of weather-induced variation in weed infestation of 
harvested material, Chapter 6 describes, in detail, changes in weed composition between two 
years of contrasting weather patterns.  It further attempts to validate the link between actual 
seed load of a pasture infested with N. neesiana (as established by on-ground plot analysis) 
and the numbers of seeds estimated by the method of core sampling, in bales made from this 
pasture.   
Understanding that in times of fodder shortage, it is not possible to ignore the economic and 
survival potential of infested grass bales, the work in Chapter 7 explores the validity of ensilage 
of such material (Weller et al., 2016).  This procedure has long been suggested as a method 
to preserve pasture grasses (Neidig 1914), but, in the case of material from unreliable sources, 
the preservation process is thought to render included seeds unviable.  In this Chapter, work 
has been carried out on samples of fodder which includes of viable seeds of N. neesiana in 
baled fodder.  This examines the viability and physical changes that may occur in N. neesiana 
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seeds during the ensilage process, and investigates whether the probability of injury to 
livestock from sharp seeds could also be reduced with this process.   
To draw the study program to an end, Chapter 8 summarizes the published works and offers 
conclusions and recommendations relevant to the secure use of infested fodder bales.  This 
final chapter lists the contributions made by this study to providing useful sampling tools for 
the application of biosecurity measures to prevent weed dispersal, and also to the field of 
emergency forage preservation and use. 
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Chapter 2 
Survey of the relevant literature pertaining to the problem of weed seed 
dispersal in baled fodder  
Published in: Weller, S., Florentine, S.K., Sillitoe, J.F., Grech, C.J., McLaren, D.A. 
and Chauhan, B.S. (2015).  The need for speed: Timely prevention of the dispersal 
of noxious weeds in relief fodder using efficient sampling procedures. Crop 
Protection, Vol 70 pp. 21 –27. 
In order to set the current context for this investigation, this chapter presents a review of the 
relevant literature related to the problem of dispersal of noxious weeds in fodder as outlined 
in Chapter 1.  It has located and analysed previously trialled methods to detect and enumerate 
foreign propagules within hay bales, and has reviewed estimates of the potential scale of the 
weed dispersal problem.  Also reviewed are contributions to rapid assessment methods of 
baled material, involving core sampling of baled commodities, which could provide useful 
directions to the solution of this problem. 
From this review, it is apparent that although fodder is ubiquitous and essential for livestock 
production in all parts of the world (Suttie 2000), the inclusion of weed seeds within bales of 
fodder made from natural and improved pastures has received little attention.  This is despite 
the fact that weeds have significant ecological, social and economic impacts in any given 
region (Sinden et al. 2005).  Relatively recently, there has been a realization of the potential 
for long-distance dispersal of noxious weeds within fodder and, in particular, the possibility of 
new infestations occurring in regions where livestock producers are already dealing with 
challenging ecological and economic conditions, often related to the recovery of normal 
farming operations following natural disasters such as bushfire, flood and drought.   
It appears that there is a necessity for tools to be developed that would allow managers of 
baled fodder, as well as biosecurity officers and natural resource managers, to screen this 
commodity in a rapid and cost effective manner.  Whilst core sampling has been used for 
sampling baled fodder for fodder quality (including feed quality, protein, dry matter and fibre), 
this technique has yet to be investigated for weed propagule detection in baled fodder.  The 
paper suggests that the availability of such a method would fulfil the requirements of those 
responsible for enforcing biosecurity measures that aim to prevent noxious weed dispersal by 
enabling screening of baled fodder to detect weed seed propagules in an economically 
feasible and timely manner. 
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Chapter 3 
Initial proposal of a rapid assessment method to detect the presence of weed 
seeds in round pasture hay bales 
Conference paper: Weller, S., Florentine, S.K., Ambrose, G.J., Grech, C.J. and 
McLaren, D.A. (2010).  Detection, quantification and management of the 
dispersal of Nassella neesiana (Chilean needle grass) seeds in hay bales.  
Presented to the 17th Australasian Weeds Conference, Christchurch, New 
Zealand, November. 
As noted in Chapter 2, there is some urgency for assessment tools to be developed that will 
allow those involved with commerce in baled fodder, to confidently screen harvested material 
in a rapid and cost effective manner.  One such approach, suggested by previous work on 
baled material, is ‘core sampling’, which may make possible the rapid, non-destructive 
screening of bales in a manner that does not unduly interfere with the necessity to aid livestock 
producers who are in distress due to adverse weather events.  The previously reported 
investigations of core sampling have been carried out with baled wool, fodder, and cotton, and 
have been used to obtain representative samples for quality control purposes (Nordskog et al. 
1945; Meyer & Lofgreen 1959; Collins et al. 2000).  However, application of this method for 
the detection of weed dispersal in baled fodder has not previously been attempted, and this 
presentation suggests that the availability of such a method could be expected to find wide 
application in times of emergency need for non-commercially sourced fodder. 
As a first step to contextualize the problems in addressing this issue, this chapter describes 
an  early proposal for an experimental approach using core sampling bales of pasture hay to 
detect the propagules of a noxious weed (Nassella neesiana).  The aim was to develop a 
method to investigate the possibility of detection of relatively small amounts of seed in 
relatively large bales.  In addition, it was surmised that the effect of the distribution of seeds 
within bales may affect the reliability of detection procedures, thus bales, dosed with a number 
of different distributions, were investigated for variations in detection patterns. 
Chapter 3 
 32  
 
  
Chapter 3 
 33  
 
  
Chapter 3 
 34  
 
  
  35  
 
Chapter 4  
Preliminary findings from core sampling bales to detect Nassella neesiana 
seeds 
Conference paper: Weller, S., Florentine, S.K., Ambrose, G.J., Grech, C.J. and 
McLaren, D.A. (2012).  Finding needles in a haystack: an investigation of a non-
destructive method to detect the seeds of Chilean needle grass (Nassella 
neesiana (Trin. & Rupr.) Barkworth) in round hay bales. Presented to the 18th 
Australasian Weeds Conference in Melbourne, Australia, November. 
The previous chapter described a proposal for a method to non-destructively detect the 
seeds of Chilean needle grass, as a model weed, within round pasture hay bales (Weller 
et al. 2010).  Chapter 4 presents the subsequent findings arising from a preliminary study 
of a series of large round bales in situ (Weller et al. 2012). 
Known quantities of sterilized Nassella neesiana seeds were added to bales of pasture grass 
hay in three different distribution patterns.  The bales were systematically core sampled and 
a dose-response mechanism was detected, whereby relatively larger numbers of seeds were 
detected in bales to which larger numbers of seeds had been added compared to bales to 
which fewer seeds were added.  Although results of this work showed that this response was 
not strictly linear, it gave strong support for the approach of non-destructive detection of weed 
seeds within baled fodder.  A deeper analysis into this method of detection is therefore 
warranted.  This further analysis is presented in Chapter 5. 
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Chapter 5  
Detection of Nassella neesiana seeds in round pasture hay bales by non-
destructive core sampling 
Published in: Weller, S., Florentine, S.K., Sillitoe, J.F., Grech, C.J., McLaren, D.A. 
and Chauhan, B.S. (2015).  Detecting the seeds of Nassella neesiana in large 
round hay bales, by means of non-destructive core sampling. PLoS One, Vol 10, 
pp. 1 –15. 
A systematic statistical analysis of the results from the main field experiment for this study, 
presented in the previous chapter (Chapter 4) as a preliminary findings, is presented in this 
chapter.  It provides support for a ‘proof of concept’ of the central thesis of this work, that non-
destructive screening of bales to prevent weed seed dispersal is practical, and has application 
for the livestock industry (Weller et al. 2015b). 
It is pertinent to comment here that this investigation of core sampling, suggested by the 
parallel work reported for other baled commodities, has been concerned with developing an 
appropriate minimum sampling effort.  This minimum effort appears to be dependent upon a 
number of key factors, including the absolute amount of a parameter of interest present and 
whether it is distributed evenly throughout the sampled region.  These questions are of high 
relevance to the current investigation.   
In this controlled experiment where known quantities of seed were added to bales in three 
different distribution patterns, results indicate some encouraging association between known 
seed load of bales and reliability of detection of seeds.  The statistics based upon these 
experiments strongly indicate that this method of screening bales of relief fodder would be 
possible and practical, and if instituted could be used to significantly reduce the unintended 
dispersal of noxious weeds in emergency fodder. 
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Chapter 6  
A field study of core sampling of bales constituted from a Nassella neesiana-
infested pasture to detect seed inclusion 
Submitted paper: Weller, S., Florentine, S.K., Sillitoe, J.F., (2016).  Measurement 
of pasture percentage cover of the agricultural and environmental weed Nassella 
neesiana and potential seed load of large round pasture hay bales in two years of 
contrasting weather patterns.  PLoS One. 
In the previous chapter, where a controlled experiment involving known amounts of Nassella 
neesiana seed were added to bales of ‘clean’ pasture grass hay, it was demonstrated that 
core sampling such bales could be usefully indicative of seed load in the bales.  However, 
these results may be critiqued as being a purely theoretical exercise, since the variable of 
known seed presence was tightly constrained.  We deemed it necessary, therefore, to 
consider a situation where variables of seed concentration are less well characterized, or 
alternatively, are subject to factors outside of the control of the experimenter. 
Thus to extend this work to a more realistic situation, we resolved to determine the numbers 
of N. neesiana seeds on plants by an on-ground survey of a real pasture prior to harvest, and 
subsequently to compare this with the results of core sampling of bales constituted from this 
pasture.  We held that correlation of the sampling results with numbers of seeds in the pasture 
prior to baling, would lend strong support to the application of this method for use by those 
charged with prevention of noxious weed dispersal. 
Whilst seed load prior to harvest was found to be correlated to seed load of the bales, it 
remains that this work requires further investigation and confirmation, in particular for more 
lightly infested pastures and for other species of noxious weeds, especially those whose 
summer flowering habit may cause an increased risk of dispersal in baled hay.  This more 
detailed work would enable further development of this method as an approach for 
enforcement of biosecurity of relief fodder, thereby increasing confidence for the use of this 
commodity in emergency situations. 
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Measurement of pasture percentage cover of the agricultural and 
environmental weed Nassella neesiana and potential seed load of large 
round pasture hay bales in two years of contrasting weather patterns. 
Sandra Weller1, Singarayer Florentine1*, James Sillitoe2 
1 Centre for Environmental Management, Faculty of Science and Technology, Federation 
University Australia, Mount Helen, Victoria, Australia,  
2 Research Services, Federation University, Mount Helen, Victoria, Australia 
 These authors contributed equally to this work.  
*s.florentine@federation.edu.au 
Abstract 
The seeds of Chilean needle grass (Nassella neesiana), an invasive graminoid weed of grazed 
pasture systems in south-eastern Australia and New Zealand, are readily incorporated into 
baled pasture hay, including relief fodder sent to graziers affected by drought, fire and flood.  
Rapid, non-destructive detection of seeds of this weed in round bales of pasture hay appears 
to have validity for preventing dispersal by the application of biosecurity measures.  However, 
a deterministic link between pasture seed load prior to baling and how much of this seed is 
captured in bales is still to be validated. 
This study examined the link between pasture percentage composition and potential seed 
load of N. neesiana prior to baling across two seasons of contrasting weather patterns.  In the 
second year, bales constituted from a heavily infested pasture were sampled non-destructively 
to measure seed load, which was then compared to the known (potential) seed load prior to 
baling.  The pasture surveys showed that above average rainfall after a period of prolonged 
drought significantly increased the numbers of seeds per plant.  It can be inferred that, given 
appropriate environmental cues, N. neesiana is capable of a significant increase in seeding 
effort per plant within a single year, compared to years of average or below average rainfall.  
This can consequently increase soil seed bank input, infestation levels, and increased risk of 
seed dispersal in baled pasture hay. 
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Background 
Due to concerns about the dispersal of noxious weeds with bales of relief fodder, the 
probability of detecting weed seeds in large round pasture hay bales by non-destructive core 
sampling has been investigated as a solution for the prevention of dispersal of noxious weed 
seeds in baled fodder (Weller et al. 2015a; Weller et al. 2015b).  Relief fodder is required by 
livestock producers who have been affected by natural disasters of drought, fire, and flood, 
which are all increasing in scale and frequency due to climate change (CSIRO 2014).  The 
current paper investigates if there is a link between the percentage cover of Nassella neesiana 
in a pasture and the potential seed harvest of this weed, and whether any statistical correlation 
can be established between seed harvest and seed content of bales made from this pasture.  
If such a link can be established, the dispersal of noxious weeds due to human activity, a 
significant problem for agriculture in all parts of the world, may better managed. 
Pasture surveys are a valuable tool for assessing a variety of parameters of interest to the 
grazing industry, including but not limited to; species composition, carrying capacity, 
ecological status and weed occurrence (Crocker & Tiver 1948; McIntyre 1978; Tothill 1978; 
Bourdot & Hurrell 1989; Gardener et al. 2003a; Gardener et al. 2005).  These can give 
information about the static conditions prevailing in pastures with regard to pasture quality, 
carrying capacity, weed infestation status or trends of change in these parameters between 
seasons  Changes in weed infestation is of importance to monitor how well, or otherwise, 
treatments applied for containment or eradication are working (Crocker & Tiver 1948; Tothill 
1978; Gardener et al. 2003a; Tracy et al. 2004; Gardener et al. 2005; Grech 2008b).  However, 
something that has not been investigated previously is the potential weed seed load of a 
pasture prior to baling fodder and how this may be used for assessing the risk of weed seed 
dispersal in baled fodder.  This can provide important additional information about the ecology 
of weeds in agriculture and, more specifically, how human activity drives weed dispersal to 
landscape scales.  As has been shown previously, this issue is of increased significance in 
the modern era of livestock production, due to increasing volumes of trade in fodder and in 
particular the provision of relief fodder because of adverse climatic events (Weller et al. 
2015a).  This work can provide useful tools for the containment of serious problem weeds 
through the application of biosecurity measures in a practical, low cost manner.  
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Method 
Site location and description 
The paddock that was used for this experiment is located approximately 4 km from Tullamarine 
Airport.  The soils at this site are derived from Newer Volcanics (sheet basalt flows).  The 
Ecological Vegetation Classes (EVCs, which is a term used to classify collections of species 
as they occur according to climate, soil and other parameters within the state of Victoria, 
Australia) for the study site are Hills Herb-rich Woodland and Creek line Grassy Woodland 
(DSE 2011a).  When this study was undertaken land use on this property was primarily for 
cattle grazing.  However, livestock was excluded from the experimental paddock for the entire 
duration of these experiments. 
Climate data from Melbourne Airport (4 km SSW) indicate the following climatic conditions at 
this site.  Average yearly maximum and minimum temperatures are 19.7oC and 9.5oC, 
respectively.  February is the warmest month (14.1 – 26.5oC) and July is the coldest (5.3 – 
13.0oC).  The average annual rainfall is 540 mm with the highest total in November (62.8 mm) 
and the lowest in July (35.8 mm).  August is the wettest month (number of days > 1mm = 10.1 
days) and February the driest (number of days > 1mm = 4.5 days) (Bureau of Meteorology 
2011). 
The pasture surveys were conducted in November 2009 and 2010.  Weather conditions 
preceding each survey varied greatly between years.  Year 2009 was the final year of a below 
average rainfall period that had lasted for most of the previous ten years (2000 – 2009) 
(Bureau of Meteorology 2011).  The average annual rainfall during this period was 457 mm, 
83 mm below the 30-year average of 540 mm.  By contrast, January 2010 marked the 
commencement of a period of above average rainfall.  This resulted in record flood events in 
Victoria and other localities across Australia.  The total rainfall for the year leading up to the 
second pasture survey was 727 mm, 187 mm above the 30-year average (ibid.).   
Species composition data collection with the 100 Point quadrat 
The percentage basal cover of all species, the occurrence of bare ground and leaf litter were 
recorded using a 100 point quadrat (Lindquist 1931; Grech 2008a).  This apparatus is 
constructed from a section of aluminium square tube, a little over one metre long, as the main 
structural feature and to which are affixed ten evenly spaced sections of round aluminium rod.  
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Each rod is 1.5 cm in diameter and 12 cm longer than the square tube.  The rods are spaced 
at exactly 10 cm.  Each of the rods has ten marks scored around the diameter and placed at 
10 cm intervals.  These marks align precisely across all rods (Fig. 1).  
 
Fig. 1. 100 point quadrat.  Diagrammatic representation of 100 point quadrat used for pasture survey 
in 2009 and 2010. 
For use during the pasture survey, the quadrat was placed on the ground and slid into position 
so that the rods rested against the plants near the base of the stems (Figs. 2 and 3).  All plants 
within the area covered by the apparatus remained upright.  Marks on the rods were used to 
record the species name of the plant that ‘hit’, i.e., was located immediately adjacent to, each 
mark (Fig. 2). The species name was recorded on a data sheet, but if there was no plant at 
the mark whatever else that was present was noted, whether this was bare ground or leaf 
litter.  For consistency within individual quadrats, all hits were observed and recorded from the 
same side, either to the left or the right, of all 10 rods. 
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The part of the plant that touched to rod was counted as a ‘hit’, whether it be the leaf or stem.  
Few, if any, of the plants had a basal diameter of greater than 20 cm, so it was unlikely that 
individual plants were counted more than one time within any quadrat. 
Fig. 2. Use of 100 point quadrat. Side view diagram of how the 100 point quadrat was used 
to collect data on percentage cover abundance.  
 
Fig. 3. Positioning of 100 point quadrat for pasture survey. 
In each year, 18 quadrats were surveyed in an area approximately 6000 m2 
Potential seed harvest of Nassella neesiana 
Seed samples were collected with a 33 x 30 cm quadrat frame, using hand shears to remove 
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the seed-bearing foliage (Figs. 4 (a) and (b)).  The quadrat frame was placed on the ground, 
within each of the same plots that were surveyed for species composition with the 100 point 
quadrat,  and all plant stems within it were cut (Fig. 4 (b)), collected and placed into a paper 
bag.  The samples were dried prior to analysis at 40oC.  Stems were counted and seeds 
enumerated after separation from seed heads.  To calculate the number of stems and seeds 
per square metre for each quadrat, these counts were multiplied by three. 
 
Fig. 4 (a) and (b). Collection of seed harvest samples.   
There was insufficient pasture growth in 2009 to enable baling to take place.  By contrast, the 
above average rainfall during 2010 ensured abundant growth of this pasture.  Consequently, 
following the pasture survey in late November 2010 the pasture was mowed on 11th of 
December.  Three bales were constituted from the mowed material on the 15th of December 
and these bales were core sampled in mid-January 2012. 
Calculation of expected (theoretical) seed load per bale from 2010 survey 
To estimate of the number of seeds per bale that may be theoretically found in bales harvested 
from this pasture and the total weight of seeds per bale, so that an estimation of the risk of 
seed dispersal can be made, three factors are required.  These are calculation of mean values 
for; 1) seeds per square metre, 2) area of baled and 3) the weight of a single seed. 
1. Calculation of seeds per square metre of pasture 
An average number of seeds per square metre, 6,359 seeds/m2, were calculated from the 
results for seed harvest by dividing the total number of seeds found in each surveyed plot by 
the total number of plots. 
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2. Calculation of area of pasture baled  
The area of pasture baled was measured on aerial photographs obtained from the NearMap 
website (Anon. 2013).  This was 124.48m x 14.26m and the area of pasture constituting each 
bale, after rounding down to nearest 10 m2, was 590 m2. 
3. Calculation of weight of a single seed 
To calculate the weight of a single seed, and the standard error, 20 lots of 100 seeds were 
weighed.  The total weight for all 20 lots of seed was divided by the total number of seeds 
(2000).  The mean weight of one seed is 0.0076 g + 0.0003 g. 
Using the results for (1) and (2): 
 Expected seeds = (Mean seeds per m2 x Area of pasture baled) 
Using this and (3): 
 Total weight of seeds per bale (kg) = (Expected seeds x Weight of single seed)/1000 
Calculation of weight of seed per bale and seeds per square metre for harvested bales 
The calculation of the total weight of seeds found in the harvested bales required calculation 
from the weight of seeds found, per gram of cored material, and the assumption of a mean 
weight for the bales constituted from the pasture.  There was no appropriate equipment 
available to weigh the bales in the field in 2010.  However, in 2009 four bales that had been 
purchased to test the core sampling technique had been weighed.  The mean weight of these 
bales was 310kg, so this weight was chosen for the calculation of the results for the weight of 
seed found in the harvested bales in 2010. 
The calculation for the weight of seeds per bale: 
 Number of seeds per gram = (total number of seeds found/total core weight per bale) 
 Number of seeds per bale = number of seeds per gram*weight of bale (g) 
‘Number of seeds per bale’ is analogous to the ‘Expected seeds’ used to calculate the 
theoretical weight of seeds per bale, so the total weight of seeds in the harvested bales is 
calculated as for the previous section by substituting ‘Number of seeds per bale’ for ‘Expected 
seeds’ in the equation to find ‘Total seeds per bale (kg)’. 
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‘Seeds per square metre’ from harvested bales were calculated by dividing the total numbers 
of seed per bale, calculated from the core samples, by the area of pasture baled (590m2). 
Determination of the threshold limit of seed numbers in bales in order to prevent 
establishment of Nassella neesiana 
Data from other authors (McIvor 1987; Gardener et al. 2003a) indicate that a minimum number 
of seeds required to initiate (introduce) a new infestation of weeds (including N. neesiana) is 
10 seeds per square metre.  Using this estimate allows an estimation of the maximum 
allowable number of seeds present in an average bale before N. neesiana can be established 
in a normal seasonal year.  The parameter which we have used in this first estimate are that 
the area of pasture comprising a single bale is 590m2.  
Thus, if 10 seeds per square metre is taken to be the critical number of seeds per square 
metre before establishment of the weed can begin, the number of seeds per bale is  
590 x 10 = 5900 seeds per bale. 
In the case of prevention of establishment of new infestations from the one in this pasture, this 
is a threshold value of seeds per bale in the sense that this value, or any above it, would risk 
dispersal of the seeds of this weed in places to which the bales are moved.  Testing bales 
from pastures where an infestation of unknown magnitude, which is to say how many seeds 
per square metre are present on plants prior to harvest, to determine whether this threshold 
value has been exceeded would provide justification for enforcement of biosecurity measures. 
 
  
Chapter 6 
63 
 
Results 
Pasture composition 
In 2009 and 2010 the species composition, percentage basal cover of all species, leaf litter 
and bare ground varied slightly between years (Table 1).  Across both years, a total of fifteen 
species were found, with ten present in 2009 and twelve in 2010.  Three species recorded in 
2009 were absent in 2010 and five species recorded in 2010 had not been found in 2009. 
Table 1. Pasture percent cover change between years 2009 and 2010 for all species, leaf litter, 
and bare ground in Souter’s pasture.   
Common Name (growth form) Species Name 
% Cover % 
Change 
2009 2010 
Leaf litter   36 36.5 0.5 
Bare ground   15.5 0.4 -15.1 
Chilean Needle grass (P) Nassella neesiana 26.7 38.6 11.8 
Perennial Rye grass (P) Lolium perenne 7.5 2.5 -5 
Onion Weed (P) Romulea rosea 4.4 2.1 -2.3 
Knotted Barley grass (P) Hordeum secalinum 1.3 0 -1.3 
Cocksfoot (P) Dactylis glomerata 1.7 3.1 1.3 
Toowoomba Canary grass (P) Phalaris aquatica 0.7 0.3 -0.4 
Barley grass (A) Hordeum  murinum 4.7 0 -4.7 
Red Brome (A) Bromus rubens 0.5 0 -0.5 
Smooth Cat's ear (A) Hypochoeris glabra 0.3 2.3 2 
Squirrel-tail Fescue (A) Vulpia bromoides 0 10.4 10.4 
Subterranean Clover (A) Trifolium subterraneum 0 2.2 2.2 
Soft Brome (A) Bromus hordeaceus 0 0.3 0.3 
Common Sow thistle (A) Sonchus oleraceus 0 0.06 0.1 
Cape Weed (B/P) Arctotheca calendula 0.6 0.2 -0.4 
Dandelion (B/P) Taraxacum officinale 0 1.2 1.2 
Totals   100 100 0 
Species are listed by common name, with growth form (A = annual, P = perennial, B/P = 
biannual/perennial), and species name. 
All species recorded are introduced and are either annual (46%), perennial (40%) or bi-
annual/perennial (13%)  (Table 1). 
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The three largest components in 2009 were leaf litter (36%), N. neesiana (26.7%), and bare 
ground (15.5%).  In 2010 three largest components were N. neesiana (38.6%), leaf litter 
(36.5%) and V. bromoides (10.4%).  In each year, there was significant change in cover of the 
dominant species, N. neesiana, and the amount of bare ground.  The latter was 15.5% in 2009 
but almost absent in 2010.  All species other than N. neesiana were present at 10.4% or less, 
with the majority of species (twelve across both years) being present at less than 5%. 
Potential seed harvest 
The mean number of N. neesiana stems and seeds per square metre was larger in 2010 than 
2009 (Tables 2 and 3).  The coefficient of variation (CV), which shows variability of data points 
around the mean, is greater in the first year than the second.  This indicates greater variability 
in the numbers of seeds found between quadrats in the first year than in the second. 
Table 2. Number of stems per square metre on Nassella neesiana plants prior to seed harvest 
in Souter’s paddock, 2009 and 2010. 
Year Stems/m2 Mean ± SE Max per plot Min per plot CV 
2009 42 ± 6 105 9 0.66 
2010 224 ± 20 423 81 0.37 
 
Table 3. Number of Nassella neesiana seeds prior to baling in 2009 and 2010. 
Year Seeds/m2 Mean ± SE  Max per plot Min per plot CV 
2009 741 ±164 3037 14 1.06 
2010 6359 ± 485 10296 2973 0.32 
 
The phenomenon whereby numbers of seeds are much greater in years following above 
average rainfall, compared to normal or below average years, is termed seed masting (Kelly 
1994).  This is a well-recognised occurrence among several graminoid species in regions 
where periodic above average rainfall drives an above average seeding (Haase et al. 1995; 
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Vila & Lloret 2000).  An apparently above average seeding event in N. neesiana has been 
previously observed elsewhere in Australia (Gardener et al. 2003a), which was linked to above 
average rainfall and mild winter temperatures preceeding the seeding event. 
Comparing results for 2009 and 2010 of seeds per square metre of pasture the expected 
numbers of seeds per bale varied significantly between years.  However, in both of these years 
there would be a substantial risk of dispersal of this weed, since the number of seeds per 
square metre was higher than 10 seeds per square metre.   
Results from core sampling bales 
The bales were core sampled, yielding large numbers of seeds (Table 4). 
Table 4. Seeds found in core samples from pasture hay bales. 
Bale number Total seeds Mean ± SE 
1 3,743 374  ± 39 
2 3,394 339 ± 40 
3 2,289 254 ± 52 
 
Number of seeds in bales 
Bales made from this pasture in the second year contained very large numbers of seeds, in 
excess of 3 million seeds each, weighing a total of approximately 29 kilograms per bale (Table 
5).  By contrast, had the seed load been the same in 2010 as it was in 2009, the number of 
seeds per bale would be less than 500,000 seeds and weigh approximately 3 kilograms.  
The observed numbers of seeds from core samples of the three bales were very similar to the 
theoretically expected total numbers of seeds, weight of seeds per bale and seeds per square 
metre, compared to the seed harvest prior to baling. 
Table 5. Calculations of numbers of seed per gram of bale, numbers of seeds per bale, 
numbers of seeds per square metre and total amount of seeds in bales. 
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Expected  
(Mean ± SE, calculated 
from seed harvest data)  
Observed  
(Mean ± SE, calculated 
from core data) 
Total numbers of seed 
per bale 
3,751,810± 286,150 3,844,337 ±  389,385 
Number of seeds/m2 6,359 ± 485 6,515 ±659 
Total weight of seeds in 
bale (kg) 
28.51 29.22 ± 2.96 
 
Discussion  
Pasture composition 
In this paddock, the species composition is completely different compared to that which 
existed prior to European settlement of this region in the early 1800s.  The 1750 Ecological 
Vegetation Class (EVC) of this site is listed as ‘Hills Herb-rich Woodland’ and the section of 
creek along the northern boundary of the paddock is listed as ‘Creekline Grassy Woodland’ 
(DSE 2011b).  The area surveyed for this study lies completely within the ‘Hills Herb-rich 
Woodland’ EVC.  However, no species listed for this EVC type were found during either year.  
The vegetation structure prior to European settlement likely consisted of a mixed species 
scattered tree cover with an understorey of herbs, forbs, and grasses.  This pasture could be 
loosely classified as ‘improved pasture’, since all species found in both years are introduced.  
However, since the majority of these are weeds, this pasture is entirely unsuitable as a source 
of hay for consumption by livestock.  Only four species in this pasture are useful fodder plants; 
Lolium perenne (perennial ryegrass), Dactylis glomerata (cocksfoot), Phalaris aquatica 
(phalaris, Toowoomba canary grass), and Trifolium subterranum (subterranean clover) 
(Richardson et al. 2006), but none was present at greater than 8% cover.  The presence of N. 
neesiana in this pasture is sufficient to eliminate it as a suitable source of relief fodder. 
Pasture composition changes between years 
The major change of composition in this pasture revolves around the percentage of two 
components; the amount of of bare ground and N. neesiana, which decreased and increased 
between years, respectively.  These changes can all be attributed to higher rainfall in the 
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twelve months between these two surveys (Haase et al. 1995; Kelly et al. 2000; Vila & Lloret 
2000; Gardener et al. 2003a; Pol et al. 2010). 
The percentage of leaf litter was almost unchanged between years.  In 2009, this was the 
largest single component of the sampled pasture and greater than N. neesiana.  In 2010, this 
situation was reversed. 
Seed harvest – why was there a difference between years? 
Seeds and stems of N. neesiana were considerably more abundant in the second, non-
drought year.  There was an order of magnitude difference in the mean, maximum, and 
minimum numbers of seeds and stems per square metre.  This increase is likely to have been 
driven by increased rainfall, a phenomenon that has been demonstrated elsewhere (Vila & 
Lloret 2000).  This is called ‘seed masting’ and is a widely recognised response to favourable 
conditions by many species of plants (Vila & Lloret 2000; Kelly & Sork 2002). 
Definition and descriptions of seed masting 
Seed masting is defined as “the intermittent production of large seed crops by a population of 
plants” (Kelly 1994).  Two hypotheses, that may broadly apply to explain the phenomenon of 
masting in graminoid species, including N. neesiana, are wind pollination and resource 
matching (Kelly 1994; Kelly & Sork 2002).  Periodically increased effort towards reproduction 
is thought to be advantageous in wind pollinated species, since pollination success is not 
limited by dependence on insects.  Although increased metabolic effort is required, efficiency 
of pollination is thought to occur due to an economy of scale of reproduction and synchrony 
of flowering (Kelly & Sork 2002).  Resource matching occurs when larger than usual flowering 
and seeding effort occurs due to changes in weather, for example rainfall events (Haase et al. 
1995; Vila & Lloret 2000; Kelly & Sork 2002; Pol et al. 2010) or seasonal temperature variation 
(Haase et al. 1995; Kelly et al. 2000).  Broadly, the flowering and seeding responses due to 
rain are termed ‘putative masting’ (Kelly & Sork 2002). 
Pol and colleagues (2010) concluded that spring rainfall was positively associated with seed 
masting in C3 grasses, for example Stipa ichu, (Peruvian feather grass) in desert regions of 
Spain (Pol et al. 2010).  Flowering stem growth in N. neesiana initiates during late winter and 
early spring, so rainfall during this time could be expected to stimulate this process.  
Furthermore, N. neesiana, as a perennial species, possesses the ability to manufacture and 
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store additional carbohydrate reserves if weather conditions, including rainfall and 
temperature, are optimal during the growth phase (Haase et al. 1995). 
The ecology of N. neesiana has been investigated previously in northern New South Wales 
(Gardener et al. 2003a).  Seed production was influenced by spring rain in 1995, when early 
seeding in N. neesiana was initiated by heavy rainfall (>300mm) (Bureau of Meteorology 2011) 
and resulting in two seeding events that year (Table 6) (Gardener et al. 2003a).  It is likely that 
temperatures during the winter and spring of 1995 were also a factor for mast seeding (Bureau 
of Meteorology 2011).  Metabolic activity in C3 species (including N. neesiana) is optimal at 
temperatures of between 10oC and 20oC during winter and spring, the usual phases of 
maximum growth in N. neesiana (Yamori et al. 2013).  In 1996 the mean maximum daytime 
temperature was 15oC, which is likely to promote optimal growth in this species (Bureau of 
Meteorology 2011). 
Winter and spring rainfall and temperature were also likely to be significant drivers in the 
observed mast seeding of N. neesiana in the study site in 2010 (Tables 2 and 3).  Rainfall 
during winter and spring in 2010 totalled 442 mm, 160 mm above the long-term average.  The 
average daily maximum winter and spring temperature of 18oC was slightly higher than in 
northern NSW, but still within the optimum temperature range for optimal growth of N. 
neesiana (Bureau of Meteorology 2011). 
Table 6: The total panicle seed production of Nassella neesiana in northern New South Wales, 
for three seasons (from Gardner 2003a). 
Year 1995 1996 1997 
Seeds per m2 1,584 ± 21 22,203 ± 12 6,371 ± 5 
Stems per m2 88 ± 18 853 ± 99 233 ± 33 
Risk of dispersal of Nassella neesiana seeds in bales from this pasture 
Given that as few as 10 seeds per square metre are likely to initiate new infestations of this 
weed (Gardener et al. 2003b; Faithfull et al. 2009), bales made from this pasture would be 
entirely unsuitable as a source of pasture hay or relief fodder.  Evidence from this study (Table 
3) and from Gardner’s work in New South Wales demonstrate that, given appropriate 
environmental cues, this species is periodically capable of a much higher than average annual 
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reproductive output.  This provides compelling evidence for N. neesiana being a putative 
masting species.  The implication of this is that pastures with an infestation of only a low 
percentage composition of this weed could become considerably more infested over a single 
year, if a rapid increase in seed production is triggered by significantly above average rainfalls 
and relatively mild winter temperatures.  Additionally, there is the probability of germination of 
plants during subsequent years, due to an increase input to the soil seed bank, resulting in a 
rapid increase in cover percentage of this weed. 
Core samples from bales constituted from pasture 
The number of seeds found by core sampling these bales was correlated with the amount of 
seed present in the pasture prior to baling.  Therefore, measurement of the amount of seed 
per square metre prior to baling is potentially predictive of seed loads in bales.  Alternately, it 
may be possible to estimate levels of pasture infestation of N. neesiana by core sampling 
bales made from infested pastures, even if the amount of seed present prior to baling is 
unknown.  However, to validate this point replication of this work in pastures with varying 
infestation levels of this weed, from low to high, is recommended. 
Conclusion 
Because of the possibility that large increases in seeding of this species may occur in in short 
timeframes, it is recommended that pastures containing any detectable infestation of this weed 
should not to be used as a source of relief fodder.  Approaches for preventing dispersal of 
weeds in fodder have been trialled as ‘weed free fodder’ programs in some regions of Australia 
and elsewhere.  These have either required declarations by producers as to the weed-free 
status of bales (DPI 2011) or the establishment of more formal arrangements, involving 
property inspection and certification of producers (Schoenig 2007).  To prevent the dispersal 
of bales from regions in which this weed is present (i.e. parts of Victoria and New South Wales) 
it is recommended that a central repository of information about the trading of fodder be 
established, either by the fodder industry or by government.  If records of suppliers of baled 
fodder are maintained it may be possible to inspect traded fodder by the application of core 
sampling bales, to track the movement of bales from particular suppliers or localities, including 
relief fodder, and therefore enforce biosecurity measures to reduce or prevent dispersal of this 
weed in fodder.  
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Chapter 7  
An investigation of silage preservation for use of Nassella neesiana infested 
pastures, to prevent seed dispersal and reduce infestation levels in situ 
Submitted paper accepted: Weller, S., Florentine, S.K., Sillitoe, J.F., Grech, C.J., 
McLaren, D.A., (2016).  An investigation of the effects of stage of ensilage on 
Nassella neesiana seeds, for reducing seed viability and injury to livestock. Nature 
Scientific Reports. 
Whilst previous studies have investigated the significance of weed seed dispersal in 
emergency hay bales, at the present time there are few means available to prevent this 
outcome.  We have demonstrated that there is potential for non-destructive core sampling to 
detect the seeds of noxious weeds, and thereby prevent unwitting dispersal of weed seed 
contaminated pasture hay bales (Chapters 4, 5 and 6).  There remains the problem of how to 
best utilise this valuable, if contaminated resource, in emergency times.  To provide a possible 
management option for managing bales infested with weed, silage preservation was 
investigated.   
An examination of the literature on the effect of ensilage on weed seed viability revealed a 
dearth of empirical knowledge about ensilage of this species, and an absence of detailed 
discussion on the mechanisms of seed death.  In addition, seeds of this weed are injurious to 
livestock, and any information about the effect of ensilage on the physical nature of the seeds, 
in particular if this process can soften or otherwise change the physical structure of these 
seeds, would be useful for its management.  Chapter 7 describes an experiment ensuring that 
the method of ensilage is appropriate for management of this weed, and an in situ investigation 
of the precise effect of ensilage on seed viability and hardness/sharpness of seeds is reported 
(Weller et al. 2015, under review). 
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Chapter 8 
Concluding Remarks 
The objectives for this study, which relate to the development of a method or technique to 
prevent the dispersal of Nassella neesiana seeds in baled fodder, is of interest to those who 
are affected by the economic, social and environmental impacts caused by these weeds, and 
for those who are charged with the responsibility for monitoring weed dispersal.  Additionally, 
a reliable technique that can be used to screen baled fodder for the presence of noxious weed 
seeds would be extremely useful to agencies charged with the responsibility of enforcing 
biosecurity and containment of noxious weeds within their presently defined ranges.  
Particularly in times of emergency, the utilization of pastures infested with noxious weeds 
becomes an important ‘last choice’ issue, but this path can only be followed if steps are taken 
to mitigate any unintended noxious seed addition to the soil seed bank at point of distribution. 
I have shown that silage preservation of such pasture can be recommended as one such 
technique, however, the majority of research in this area of emergency pasture has not 
focused on weed control, but on how to obtain the best feed quality outcomes. 
What has been addressed in this thesis is a demonstration of a rapid, reliable and non-
destructive technique for screening baled fodder from suspect pasture to detect weed seeds. 
In Victoria, there is the likelihood that the commonly occurring noxious weed Nassella 
neesiana may be dispersed in hay bales in a similar manner to that observed for other weed 
species (Thomas et al. 1984; Erklenz et al. 1990; Conn et al. 2010).  Of concern is that seed-
contaminated pasture hay bales may function as ‘mobile weed seed banks’, allowing dispersal 
of this weed, and other similar species, in space and over time (Kowarik 2003).  The manner 
in which seeds contained in bales are prevented from germination, because of their isolation 
from light, moisture, and oxygen stimuli, means that they are likely to remain dormant for 
several years in a similar fashion to seeds buried in soil (Bourdot & Hurrell 1992).  In this way, 
N. neesiana seeds can remain viable in soil seed banks for at least six years (ibid.).  Therefore, 
when the bales are broken up for feeding to livestock, something that is highly likely to occur 
immediately for relief fodder, seeds that fall onto the ground will likely germinate, given suitable 
stimuli (e.g., available moisture and light). 
Until recently, there has been little research into solutions that might be applied to solve this 
problem, and no easily applied methods that might be used routinely to screen bales of relief 
fodder, thereby preventing dispersal of this weed.  Such an approach would have wide appeal 
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to livestock producers, who are currently faced with significant costs for controlling weeds, as 
well as those charged with the responsibility of preventing the dispersal of noxious weeds, 
including N. neesiana.  
A review of the literature indicated the absence of a suitable rapid, non-destructive technique 
for the detection of weed seeds in baled fodder.  Indeed, all previous work on this topic has 
relied on the use of destructive sampling, whereby entire bales were dismantled to find and 
enumerate seeds (Thomas et al. 1984, Conn et al. 2010).  Another problem that was identified 
was the use of relatively small sample sizes, whereby only a single bale or a large portion of 
a single bale was sampled to detect seeds (ibid.).  The problem here is that it is not just 
because this sampling method is cumbersome and time consuming, likely requiring more than 
one hour to obtain a usable sample for analysis, it is also highly unlikely that the chosen 
sample will be in any way representative of the expected distribution of weeds within a pasture, 
since the content of a single bale comprises only a relatively small area of a pasture.  
Therefore, this approach is unsuitable for rapid and representative screening of relief fodder 
to prevent weed dispersal.  I came to this work with the notion that obtaining multiple small 
samples of bales from a single pasture would increase the probability of detecting the 
presence of seeds from weeds that are present in that pasture.  Additionally, although the 
technique of ensilage for preservation of fodder has been recommended for use as weed 
control, little research had been done on the effectiveness of ensilage for controlling specific 
weed species, and none at all on N. neesiana. 
This thesis investigated three approaches for preventing the dispersal of N. neesiana seeds 
within baled pasture hay: (i) the efficient and effective detection of seeds in bales; (iii) 
establishing the link between seed load in a pasture prior to baling, and seed load within bales 
made from this pasture; and, (iii) the validation of silage preservation to prevent the addition 
of viable seeds to remote soil seed banks. 
The first approach was to devise a relatively simple approach to detect seeds in a manner that 
was rapid, non-destructive and could be easily applied to relief fodder.  An experiment was 
undertaken whereby known quantities of (sterilized) N. neesiana seeds were added to bales 
of ‘clean’ hay, with the aim of establishing if there was a correlation between known seed load 
in bales and numbers of seeds recovered from cores.  Core sampling bales at a relatively 
intensive rate of fifteen cores per bale, and a reduced sampling effort of seven cores per bale 
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indicated that detection of seeds was possible, with a minimum probability of seed detection 
of 50%.  A lower sampling effort of five cores per bale was shown to be less reliable. 
The second approach was to expand this theoretical approach to a ‘real-world’ situation, by 
conducting a pasture survey of a N. neesiana infested pasture to determine the density of 
seeds per square metre, followed by constituting bales from this pasture and core sampling 
the bales in a similar manner to the first experiment.  The main finding was that seed load prior 
to baling was broadly predictive of the expected seed load of bales. 
The third approach was an exploration of the effects of silage fermentation (ensilage) on N. 
neesiana seeds.  A laboratory scale experiment, using ‘mini silos’ (vacuum sealed plastic 
bags), was devised to discover (i) the minimum time of silage fermentation required to achieve 
the extinguishment of seed viability, (ii) the effects of a silage fermentation additive in the 
process, and (iii) the effect of silage fermentation on seed hardness and/or sharpness.  Our 
finding that it requires a minimum of five to six weeks for seed viability to be extinguished 
raises a cautionary note for the ensilage of pastures infested with this weed.  Kaiser and 
colleagues (2004) recommend that as little time as three to four weeks is sufficient for 
completion of ensilage to preserve forage, such that it can then be fed to livestock, but I have 
noted the survival of a significant number of seeds after this time. This residual seed bank 
would be sufficient to pose an unacceptable risk of noxious weed spread. 
The main findings from each of these approaches are set out in more detail in the following 
sections. 
The application of core sampling to the problem of detecting weed seeds in 
round pasture hay bales 
Core sampling is routinely used to take samples for quality control analysis from various baled 
commodities, including fodder.  Therefore, this approach was taken to determine if it could be 
used to reliably detect N. neesiana seeds in round pasture hay bales.   
Known quantities of seed were added to bales of weed-seed free hay, in three different 
distribution patterns.  These bales were core sampled relatively intensively (15 cores per bale), 
which is considerably more intensive than is recommended for fodder quality analyses (Meyer 
& Lofgreen 1959).  A regression analysis was performed with SPSS on the total number of 
core samples that contained seed to determine the reliability of seed detection.  Subsequently, 
fewer cores per bale that contained seed were statistically analysed in the same manner to 
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discover if a reduced sampling effort could give a similar reliability to the maximum sample 
size; in this investigation, seven cores per bale (representing every second core, or 
approximately half the total number of cores in the initial experiment) and five cores (which 
represents one third of the initial total) 
It was found that; (i) seeds could be confidently detected in the bales by core sampling, (ii) the 
number of seeds detected in the core samples correlated with the number of seeds known to 
be present in the bales, (iii) the distribution pattern influenced the reliability of seed detection, 
and, (iv) approximately half the total number of cores could give substantial (>70%) reliability 
of seed detection, but fewer than this number did not.  This implies applicability of this method 
to achieve the prevention of dispersal of noxious weeds in baled fodder, thereby providing a 
useful technique for agencies and personnel charged with enforcement of biosecurity of 
weeds, is achievable. 
Significance of this research 
Although core sampling of fodder bales for feed quality analysis has received some attention 
by researchers, until recently this technique has not been applied for rapid assessment of the 
weed-contamination status of pasture hay bales.  I suggest that this novel, non-destructive 
approach could be applied in a practical manner to screen bales prior to transportation or 
distribution to end-users, thereby enabling enforcement of biosecurity measures aimed at 
preventing further dispersal of this weed from its current range.  It may also be possible to 
extend this approach for the detection of other weed species in hay bales.  However, the 
relatively small number of bales sampled was insufficient to give a fully developed solution to 
this problem.  This work is of a preliminary nature, therefore it is therefore recommended that 
further work be conducted to validate these findings.  In particular, the statistical aspects of 
core sampling a larger number of bales at varying intensities of sampling effort, by statistically 
analysing varying numbers of core samples per bale, would advance this work.  Determination 
of the required minimum sampling effort per ‘lot’ of bales to detect weed seeds with at least 
an 80 to 90% reliability is highly desirable. 
Measurement of seed load in a Nassella neesiana infested pasture and core 
sampling bales constituted from this pasture 
The numbers of seeds detected in our core samples was correlated to known pasture seed 
load.  A further finding from the pasture survey was that above average rainfall triggers above-
average seeding in N. neesiana, a process that is termed seed masting (Kelly 1994).  This is 
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a common biological response of this species, and others, to specific climatic cues of above 
average rainfall in the season preceding the seeding event, coupled with ambient 
temperatures being within an optimal range during the main growing period of the species.  
Other researchers have observed this phenomenon in other parts of Australia (Gardener 
1998); however, seed masting of N. neesiana had not been recorded previously in Victoria.  
The implication of the ability of this species to respond in this fashion is that it has the potential 
for a rapid increase in infestation level to occur in a short timeframe, and this should be 
recognised in the event of emergency pasture production. 
Significance of this core sampling research 
Using the method of core sampling bales, it may be possible to detect the movement of 
contaminated fodder from regions of known infestation, thereby preventing further dispersal 
of this weed.  Furthermore, it may be possible to detect previously known weed infestations of 
this species, and others, so that these infestations can be treated, thereby removing future 
risk of weed dispersal from these places. 
The effect of silage fermentation on Nassella neesiana seeds 
Silage fermentation study was undertaken as a laboratory scale experiment, whereby 
shredded pasture grass and small mesh bags of mature N. neesiana seeds were placed into 
‘mini silos’ (vacuum sealable plastic bags) and allowed to undergo fermentation for varying 
time periods.  The aim was to find an end-point for seed viability such that a recommendation 
for a minimum period of fermentation of baled silage can be made, to ensure the viability of 
any mature seeds is extinguished.  
Seed viability of Nassella neesiana was extinguished a week earlier in the samples to which 
inoculum was added, than in the samples where no inoculum was used.  A qualitative 
assessment of seed hardness and sharpness did not find any notable difference between 
unviable seeds that had been silaged with inoculum and those that were not, however all 
seeds fermented for six weeks tended to be softer than those fermented for five weeks.  
Therefore, seed fermented for the longer time would be less likely to injure livestock. 
The literature gives a recommendation of three to four weeks for the production of fully 
fermented silage product that is suitable for feeding to livestock; however, the finding of this 
study, that seed viability is not extinguished before five or six weeks, conflicts with this 
recommendation.  Therefore, a minimum period of six to eight weeks of fermentation is 
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recommended for silage baled from pastures containing N. neesiana, to ensure seed viability 
has been extinguished and that seed hardness/sharpness is also significantly reduced or 
eliminated. 
Significance of this silage fermentation research 
No work has been done previously on the effect of silage fermentation on the viability 
extinguishment of N. neesiana.  Additionally, there has been no work done on the effect of 
silage fermentation on reducing the potential of seeds of any weed species to injure livestock.  
This latter aspect is an important economic issue, since the welfare of livestock is of 
paramount importance to livestock producers, and the requirement to treat injuries will be an 
additional cost burden for livestock production. 
The finding that there is a conflict between the minimum time required to produce a useable 
silage product and the extinguishment of viability in this species raises questions about the 
use of silage as a method for weed control.  If seed viability of other weed species is also not 
extinguished by silage fermentation as practiced according to recommendations from the 
literature, it calls into question the validity of claims made about the effectiveness of silage 
preservation as a method of weed control.  It appears that more work is required to determine 
the minimum period of silage fermentation that will give confidence for the use of this method 
of producing a suitable fodder product, which can be guaranteed to not contain viable weed 
seeds.  The approach of using mini silos, as used in this study, is likely to be a useful method 
for undertaking this work.  
Development of ‘weed containment’ model 
This work has shown that it is possible to prevent unwitting dispersal of noxious weed seeds 
by the application of rapid, non-destructive sampling of large fodder bales. In addition, the 
neutralisation of viable seed seeds by silage methods has been shown to be a practical 
method of retaining infested bales. These two observations, related to detection and mitigation 
respectively, suggest that this new knowledge could be used for the development of a ‘weed 
containment model’.   
The elements of such a model should include any complimentary approaches which have 
been previously developed to achieve the aim of preventing further spread of N. neesiana and 
other noxious weeds. In this respect, other researchers have explored the utilization of this 
weed in situ and devised methods that could be usefully integrated with the approaches 
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indicated by the work of this thesis.  For example, Grech (2008) explored strategic grazing, 
nutrient input and fire as methods to control N. neesiana, with the aim of promoting utilization 
of the weed in a practical manner.  I see silage preservation of infested pastures to be a useful 
adjunct to Grech’s approach of strategic grazing, suggesting that a combination of these 
methods might enabling a reduction in the size of N. neesiana infestations more rapidly than 
if strategic grazing alone is used. Figure 1 illustrates the factors that need to be taken into 
consideration for an approach that could be used to develop a series of integrated methods 
for preventing further dispersal of N. neesiana, and other pasture weeds, in baled fodder.  
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Figure 1: Process of containment modelling for 
preventing dispersal of Nassella neesiana in hay bales 
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Implications of current management approaches for containment of N. 
neesiana infestations occurring on grazing land 
From this thesis, I suggest that there are several implications for the continuation of the current 
management approaches of dealing with of N. neesiana-infested pastures. 
Firstly, our results have shown that: 
1) The development of a technique for screening weed seed contaminated bales, 
such that further dispersal of this weed can be prevented, is possible. 
This is cause for optimism.  A viable technique for the prevention of unwitting dispersal of this 
weed by its detection in baled fodder would be a welcome addition to other control methods 
currently available for controlling this species. It also suggests that it may be of use with other 
weed species.   
Producers of baled fodder should be encouraged to take steps reduce the risk of weed seed 
dispersal in fodder, by undertaking some appropriate actions to increase their awareness 
about the composition of pastures intended for baling.  This would involve relatively simple 
actions of surveying pastures each year and keeping records, so that changes over time can 
be monitored and incursions of noxious weeds can be detected before these become 
established.  However, I suggest that there are some other issues that also need to be 
considered before prevention of weed dispersal with emergency fodder can be fully realised.  
For example: 
2) At present, there is no requirement for pre-harvest inspections of properties, to 
detect noxious weeds, when pasture hay is intended to be baled for export from 
non-commercial sites.   
This is of elevated concern when there is a specific intention of supplying this fodder for fodder 
relief, since the pasture is not usually a source of commercially traded fodder.  There would 
be a business incentive for commercial fodder producers to apply these practical weed control 
investigations, since those who may be detected suppling weed-contaminated fodder to the 
market may risk damaging their product name.  
Of particular concern in this area is that there is currently no central registry for information 
about sources of fodder relief or source destinations of such fodder.   This clearly prevents 
tracking of fodder from regions of known noxious weed infestation to regions where these 
weeds do not presently occur. 
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This seems to imply that preventing distribution of (potentially) noxious weed contaminated 
fodder is not a high priority, or that it is considered to be too difficult.  Indeed, in the past, this 
has certainly been difficult to achieve, due in part to the lack of a suitable technique for 
screening bales in a rapid and efficient manner, post-harvest, such that bales which are found 
to contain seeds of noxious weeds can be quarantined.  However, the work of this thesis 
indicates that it is possible to detect seeds in bales, non-destructively and relatively efficiently.  
Keeping records of where fodder is sourced from would thus enable back-tracking of 
contaminated bales.  There is also a possibility of alerting pasture land holders of the need to 
act on infestations if particular weeds are detected in bales sourced from their properties.  
Recording the destination of contaminated bales would enable alerts to be issued to recipients 
when it is realised that contaminated fodder has been inadvertently supplied, which would 
allow mitigation controls to be applied immediately.  The ultimate outcome of this approach 
would be the prevention of new infestations of noxious weeds in clean areas, in addition to the 
potential discovery of previously undetected infestations at source-properties of fodder bales. 
Our investigation into the effects of the ensilage process on weed seed viability implies that: 
3) The reliance on the ensilage process to eliminate seed viability in some weed 
species requires careful planning.  In particular, appropriate periods of time are 
required for this process to occur, such that extinguishment of weed seed viability 
is achieved. 
The finding that a longer period of ensilage is required to extinguish viability in the mature N. 
neesiana seeds conflicts with the advice from the literature about the time required for 
ensilaged fodder to complete fermentation and attain suitable feed characteristics.  This 
implies that N. neesiana seeds may be able to successfully germinate from silage bales 
containing seeds of this weed in a similar manner as for pasture hay bales, if not withheld from 
livestock for an appropriate time.  Additionally, these seeds would present difficulties for 
livestock that consume this forage type, since the seeds were still potentially injurious after 
five to six weeks of fermentation.   
Suggestions for further research and recommendations for weed-dispersal 
management 
To allow deeper understanding of the above issues to emerge, two suggestions for further 
research on the prevention of Nassella neesiana dispersal in baled fodder and reduction of 
harm to livestock from the seeds of this weed are made.  In addition, there are some 
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recommendations made which will promote the implementation of minimum standards for 
fodder production within a weed-free fodder program, and finally, some recommendations for 
clean practice in areas of known weed infestation. 
Further required management action to minimise dispersal of seeds of 
Nassella neesiana resulting from processes of fodder harvest and the 
production of silage 
Suggestion 1: Further investigate the core sampling of bales for seed detection, 
with special emphasis on determination of a suitable sample size (number of cores 
for different sized bales) required to detect weed seeds with a probability of > 80%. 
Suggestion 2: Repeat the seed silage experiment to confirm results and more 
specifically quantify the softening of seeds, to confirm whether seed 
sharpness/hardness is reduced and at what point in time this threat to animal 
welfare is eliminated or reduced to an acceptable level (harm minimisation).  An 
investigation into the mechanism that induces seed softening is also desirable. 
Recommendations to help to prevent the inclusion of weed seeds in baled 
fodder by introduction of actions to promote weed-free fodder 
Recommendation 1: Characterise pasture composition prior to baling, year-by-year 
recording of pasture composition (weeds) as a species list and perhaps also 
recording density of problem species to track if these are increasing or decreasing 
over time. 
Recommendation 2: Develop standardised record keeping for use by all producers 
of fodder, including a list of those who export fodder from their property for fodder 
relief but do not routine trade in fodder.  This will enable the tracking of movement 
to temporary storage sites and will document the final destinations of fodder. 
Recommendations to prevent the dispersal of this weed as a result of the 
movement of fodder, machinery and livestock 
Although the physical dispersal of weed seeds was raised briefly in Chapter 3, relevant issues 
have not been specifically addressed in this thesis.  However, the problems of weed seed 
dispersal on vehicles, machinery, livestock and personnel are of key concern in relation to the 
prevention of the dispersal of N. neesiana (Schmidt 1989; Fischer et al. 1996; Strykstra et al. 
1996; Moerkerk 2006).  With this practical issue in mind, it would be inappropriate not to 
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integrate these concerns with the consideration the findings of this thesis. Consequently, a list 
of recommendations for the prevention of dispersal of this weed by physical movement, both 
of the fodder itself and physical movement of machinery and personnel in infested regions, is 
given below. 
Recommendation 3: Prevent dispersion of this weed by enforcement of quarantine procedures 
on all fodder from non-commercial sources. This will require notification of intent to use non-
commercial pasture as a fodder source. 
Recommendation 4: Develop suitably enforceable procedures for machinery hygiene for 
agricultural contractors, with training in standard operating procedures to be used for 
machinery involved with work on non-commercial pasture sites. 
Recommendation 5: Prevent weed seed transport by animals who have been on non-
commercial pasture. This could include the shearing of sheep or other woolly livestock prior 
to transportation from the non-commercial pasture property, or by introducing suitable 
quarantine arrangements to monitor potential weed seed dispersal in material carried by 
animals being transported from the pasture. 
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